is played by the microtubule binding proteins of the outer kinetochore. Kinetochores must attach to the spindle with high fidelity to avoid chromosome gain or loss. Importantly, this attachment must be maintained even though the kinetochore microtubules are highly dynamic 
subunits are insoluble when expressed in bacteria have der identical conditions, consisted only of the five subunits Ask1p, Spc19p, Dad2p, Dad4p, and Hsk3p. As so far precluded an investigation of the biochemical functions of the Dam1 complex. Here, we use purified, evidenced by gel filtration, these subunits formed a stable complex with a Stokes radius of 60 Å ( Figure 1C ), reconstituted Dam1 complex to investigate the structure and function of the complex on microtubules in vitro.
whereas the remaining subunits remained insoluble in the pellet fraction of the purification. The same partially Our analysis provides a biochemical explanation for the important roles of this complex in vivo, sheds light on assembled complex was purified when the complex contained the duo1-2 mutation. In contrast, complexes the structural nature of the kinetochore-microtubule interface, and explains important features essential for expressing the Ipl1p phosphorylation-site mutants retained full assembly of all subunits ( Figure 1B Figure 1D , the entire Dam1 complex binds to complexes corresponded to temperature-sensitive alleles or to dam1 mutants that either prevent (dam1 S4A) microtubules with high affinity. In contrast, the partially assembled duo1-2 complex is found in the supernatant or mimic (dam1 S4D) constitutive Ipl1p phosphorylation. The mutants were generated by introducing the correof the cosedimentation assay, demonstrating that it is unable to interact with microtubules ( Figure 1E ). To anasponding point mutations into the gene on the expression plasmid ( Figure 1A ). The complexes were purified lyze more subtle differences in binding affinities, we varied the microtubule concentration over the range of by nickel-affinity chromatography using a 6ϫ histidine tag fused to the C terminus of the Hsk3p subunit. Con-0-3.8 M in a cosedimentation experiment. Binding was followed by Western blotting with an anti-Dam1p antiventional chromatography by cation exchange and size exclusion were then used to purify the complexes to body. The binding of wt complex to microtubules was concentration dependent and saturable, with an apparapparent homogenity ( Figure 1B) . The yield was approximately 1 mg of purified complex per liter bacterial culent dissociation constant of K D ‫2.0ف‬ M ( Figure 1F ). In contrast, the dam1-19 complex showed much weaker ture. The wt complex contained all ten subunits in equal stoichiometry and eluted in size exclusion chromatograbinding, with a dissociation constant of K D ‫8.0ف‬ M, whereas maximally only 70% of the mutant complex was phy as a single species with a Stokes radius of ‫79ف‬ Å ( Figure 1C ). Density gradient centrifugation on a 5%-bound to microtubules. Thus, the C-terminal domain of Dam1p is dispensable for complex formation but is 40% sucrose gradient (data not shown) yielded a sedimentation constant of 10.2 S, corresponding to a calcurequired for optimal microtubule binding. We did not observe noticeable differences in the binding affinities lated native molecular weight of ‫093ف‬ kDa, which is most consistent with the conclusion that the species of the phosphomutants dam1S4A and dam1S4D of the Ipl1 sites compared to wt complex (data not shown). purified under these conditions is a dimer (2 ϫ 218 kDa) consisting of two heterodecamers. With saturating amounts of complex, complete decofragmented rings of the complex seen in the vicinity ( Figure 2C , solid box). Thus, these subunits are likely ration of microtubules could be seen ( Figure 2B ). Without additional systematic image analysis of well-ordered the basic building block of the ring and associate longitudinally to form rings around microtubules. assemblies, it is not absolutely clear whether at these higher concentrations Dam1 complex is forming rings
The observation of Dam1 ring assembly raised the question of whether these structures would only form that are closely stacked or a continuous helical filament (or both). We were able to reveal apparent Dam1 ring in the presence of microtubules. In the absence of microtubules, Dam1 preparations showed a few small, curved disassembly intermediates in the vicinity of microtubules by diluting the binding reactions 1000-fold prior aggregates, reminiscent of the disassembly product shown in Figure 2C . However, when the protein was to electron microscopy (EM) ( Figure 2C ). These apparent disassembly products suggest a possible mode of ring bound to lipid monolayers during 2D-crystallization attempts, both fragments and full rings were readily obsubunit organization. The smallest structures visible were fairly regular in size and shape ( Figure 2C , dashed served ( Figure 2D ). Rings formed under these conditions were fairly regular in size but somewhat smaller than box) with a length of about 105 Å and a diameter of Polymerization of pure brain tubulin into microtubules the axial repeat of the bound rings around the microtuwas followed by an increase in light scattering at 350 bule at about 100 Å (white arrowheads). A filtered image nm. Under our conditions, 10 M tubulin (1 mg/ml) alone generated with these three layer lines plus the equator did not assemble into microtubules over the course of is shown in Figure 3C . The density profile obtained by the experiment. However, addition of Dam1 complex in integrating this filtered image along the microtubule axis substoichiometric amounts led to a rapid, concentrais shown beneath. From the major peaks in the density tion-dependent increase in light scattering ( Figure 5A ). profile we estimate the outer diameter of the rings to To confirm that this increase was due to the formation be about 540 Å and the inner diameter to be 320 Å .
of microtubules, an aliquot of the reaction was fixed with glutaraldehyde and centrifuged onto coverslips, and the microtubules were visualized by immunofluoresComplex Binding and Ring Formation Depends on the Presence of the C Terminus of ␣␤-Tubulin cence with a tubulin antibody. This analysis confirmed the formation of numerous microtubules in the presence The wrapping of the Dam1 rings around the microtubule strongly suggested an involvement of the C-terminal of Dam1 complex, but not in the control reaction (Figure 5B) . tails of ␣Ϫ and ␤-tubulin in its interaction with the microtubule. To test this possibility, we analyzed the decora-A complex that forms a ring around a microtubule might increase the stability of the polymer. We tested tion of subtilisin-digested or control microtubules by cryo-EM. Extended subtilisin digest resulted in the rethis possibility by assembling microtubules from 15 M tubulin in the presence and absence of Dam1 complex. lease of the C termini of both ␣-and ␤-tubulin ( Figure 4A ).
Complete digestion was confirmed by Western blotting
These microtubules were then rapidly diluted, and their disassembly was followed by light scattering and by with a ␤-tubulin antibody whose epitope is located in the C-terminal domain (data not shown). Control microa sedimentation assay. Figure 5C demonstrates that control microtubules rapidly depolymerized when they tubules showed strong decoration by the Dam1 ring complex, whereas only bare microtubules were found in were diluted below the critical concentration and that the bulk of tubulin was found in the supernatant after the subtilisin-digested sample ( Figure 4B ). Upon shorter digests, which only removed the C terminus of ␤-tubulin, centrifugation ( Figure 5D ). In contrast, microtubules assembled in the presence of Dam1 complex depolywe still observed significant ring formation (data not shown). this important feature is not known. As GMPCPP microThe corresponding intensity scan further revealed this distribution of the complex ( Figure 6F ). We quantified tubules, which mimic the GTP lattice of a microtubule, seemed to be the preferred substrate for Dam1 decorathe decoration by counting clearly segmented microtubules in randomly chosen fields and ordered them into tion in our cryo-EM analysis, we sought to analyze further whether the Dam1 ring complex showed a preferthree categories ( Figure 6G ); more than 50% (n ϭ 100) of the segmented microtubules showed a strong decoence for this type of lattice over a GDP lattice. For this experiment, we prepared segmented microtubules that ration of the GMPCPP segment and one end of the microtubule ( Figure 6G ). In most cases ‫,)%08ف(‬ this consisted of an unlabeled GMPCPP seed that was elongated by using rhodamine-labeled GTP-tubulin. After end decoration was on the longer rhodamine segment, suggesting that it corresponds to the plus end of the incorporation into the lattice, the GTP is rapidly hydrolyzed, thus producing segmented microtubules conmicrotubule. In about 35% of the microtubules, the strong decoration of just the GMPCPP segment was sisting of an unlabeled GMPCPP segment and two labeled GDP segments. The segmented microtubules apparent, whereas only 12% of microtubules displayed evenly distributed Dam1 rings. The preferred binding to were mixed with limiting amounts of Alexa-labeled Dam1 complex, fixed, and visualized by fluorescence microsthe GMPCPP segement was not due to the lack of a rhodamine label on this part of the lattice, as binding to copy. Strikingly, a stronger decoration of the segmented microtubules with Alexa488-Dam1 complex was found segmented control microtubules that were completely stabilized with taxol showed no bias for the unlabeled on the GMPCPP parts of the lattice (Figures 6D and 6E) . rings. To induce disassembly of these microtubules, we self-assembly into rings in the absence of microtubules. At this point, it is not clear how binding to the lipid added the kinesin XMCAK1, which catalyzes depolymerization by peeling protofilaments from both ends of monolayer contributes to ring formation. It is likely that the effect is the result of an increase in local concentrathe microtubules (Desai et al., 1999) . The reactions were fixed at various times and visualized by fluorescence tion of the protein complex as it binds to the monolayer. The microtubule could have a similar effect, interacting microscopy. Figure 7A shows a representative example of the decoration of GMPCPP microtubules at t ϭ 0: a with the Dam1 complexes and thus increasing their local concentration at the microtubule surface above the critilong microtubule is sparsely labeled with Dam1 rings that show no obvious preference for the ends (see also cal concentration for self-assembly. In addition, the negative charge on the C terminus of tubulin could also Figure 6B ). After 2.5 min incubation with the enzyme, the bulk of microtubules have depolymerized, and the neutralize the overall positive charge in the Dam1 complexes and thus facilitate their interaction. Indeed, it remaining short microtubules show a decoration with a characteristic accumulation of rings on both ends of the seems likely that electrostatic interactions play an important role in this process as high-salt conditions premicrotubules ( Figure 7B) . Out of 50 short microtubules analyzed after XMCAK1 incubation, 41 showed a strong vent oligomerization and microtubule binding, whereas low-salt conditions support them (S.W., D.G.D., and Alexa signal on both ends (82%). To confirm that the strong Alexa signal indeed corresponded to an accumu-G.B., unpublished data). The behavior of the complex in this regard is very reminiscent of the GTPase dynamin, lation of rings on the ends of depolymerizing microtubules, we performed a parallel experiment in which samwhich self-assembles into rings and helical stacks under low-salt conditions and is thought to form these strucples were analyzed by EM using negative stain. Figure  7C (Stratagene). They were confirmed by DNA sequencing, and the mutant complexes were expressed and purified as described above.
This suggests that the duo1-2 mutation could lead to a
Fluorescent Labeling of Dam1 Complex with Alexa-488 Limited Proteolysis of Tubulin with Subtilisin
To remove the C terminus of both ␣-and ␤-tubulin, 15 M taxol-500 l HiTrapS purified Dam1 complex ‫005ف(‬ g) was incubated with 100 M Alexa-488-C5-maleimide (Molecular Probes) for 1 hr stabilized microtubules were incubated with 40 g/ml subtilisin in PEM buffer for 1 hr at 30ЊC. The reaction was stopped by the addition at 0ЊC in the dark. The reaction was stopped by the addition of 1 mM DTT, and the sample was purified by gel filtration on a Superose of 1 mM PMSF, the microtubules were pelleted by centrifugation (TLA100, 15 min, 60 K, and 25ЊC), washed twice, and resuspended 6 column (Amersham Pharmacia). The labeling stoichiometry was calculated from the absorption spectrum and found to be 1.9 mol in the original volume of PEM-buffer. dye/mole complex. Alexa-488 Dam1 complex was snap frozen in 50 l aliquots and stored at Ϫ80ЊC. After thawing, the sample was
